Corticotomy-facilitated orthodontics is a clinical treatment modality comprising the application of conventional orthodontic forces combined with selective decortication of the alveolar process of the bone, which generates a localized process of bone remodeling (turnover) that enables accelerated orthodontic tooth movement. Compared with conventional orthodontic treatment, corticotomy-facilitated orthodontics is associated with reduced treatment time and reduces the frequency of apical external root resorption; however, this modality increases morbidity and financial costs. Although the clinical outcomes of corticotomy-facilitated orthodontics appear favorable, no results of evidence-based investigations of long-term outcomes are available in the literature, and the long-term effects of corticotomy-facilitated orthodontics on the teeth and periodontium are unclear. This narrative review discusses the biological events associated with corticotomy-facilitated orthodontics. Authoritative articles found in relevant databases were critically analyzed and the findings were integrated and incorporated in the text.
Introduction
Corticotomy-facilitated orthodontics [1] [2] [3] [4] is a surgical procedure that is used in conjunction with conventional fixed orthodontics or with clear aligners to accelerate loadinduced orthodontic tooth movement.
The surgical procedure comprises reflecting full thickness flaps, selectively decorticating buccal and lingual bone between the teeth to be moved, placing bone allograft material, and closing and suturing the flaps (Figure 1) . 1, 5, [9] [10] [11] [12] This bone augmentation increases bone volume around the teeth to be moved, thereby minimizing fenestration, dehiscence, and gingival recession, ensuring long-term stability of the orthodontic outcome. 1, 5, [12] [13] [14] [15] Selective corticotomy limited to the buccal surface of the alveolar bone-with or without a mucoperiosteal flap-reduces operating time and postoperative discomfort, and can prevent damage to lingual tissues. 7, 8, 16 Furthermore, corticotomy by piezoelectric surgery, with or without a three-dimensional printed surgical guide based on computed tomography scan data, may increase precision while reducing bleeding and improving intraoperative visibility; this can reduce the risk of iatrogenic tissue damage. 8, [16] [17] [18] [19] Typically, active orthodontic treatment is initiated immediately after surgery, and the appliances are activated every 2 weeks thereafter. 5, 9, 11, 12, 14, 20 Surgical selective decortication is followed by a physiological process that initially comprises predominantly catabolic bone remodeling (turnover), thereby supporting accelerated conventional orthodontic treatment. 1, 5, [21] [22] [23] [24] Unless it causes damage to the dentition, the pattern of surgical decortication is of minimal significance; however, it must provide sufficient surgical stimulus to elicit localized intense, robust bone remodeling and healing. 2, 5, 25, 26 The post-surgical course is typical of any extensive periodontal surgical procedure. 2, 11 Corticotomy-facilitated orthodontics is recommended for adults who prefer a shorter course of orthodontic treatment and can afford the substantial costs; for the treatment of class I malocclusions with moderate or severe crowding in which extractions can be avoided because of the increased bone volume; for class II malocclusions in which required expansion or extraction can be avoided because of the increased bone volume; and for mild class III malocclusions. 5, 11, 12, 14, 27, 28 Corticotomy-facilitated orthodontics should not be attempted in patients with metabolic bone disease, in those taking bisphosphonates, and those on long-term corticosteroid treatment. 4, 28 Existing publications regarding corticotomyfacilitated orthodontics comprise case reports and low-to-moderate-quality evidence-based studies; 3, 11, 23, 27 reportedly, there is no loss of periodontal bone volume, no increase in apical external root resorption, and no loss of tooth vitality in association with carefully performed corticotomy-facilitated orthodontics. 11, 14, 20, 24, 29, 30 However, a recent animal study indicated that corticotomy-facilitated orthodontics may cause alveolar bone loss after tooth movement. 31 This review discusses the biological rationale of corticotomy-facilitated orthodontics.
Physiological bone remodeling
Bone remodeling or bone turnover is a physiological process comprising osteoclastmediated bone resorption coupled with osteoblast-mediated bone formation. The balance between bone resorption and bone formation determines the ultimate bone mass at the site of bone remodeling. 32, 33 Bone resorbing osteoclasts originate from the monocyte/macrophage lineage of hematopoietic stem cells in the bone marrow, whereas bone-depositing osteoblasts originate from multi-potential mesenchymal cells within the bone marrow stroma. 32, 33 The differentiation, maturation, and functional activity of osteoclasts are mediated and regulated by several biological agents including the receptor activator of nuclear factor jB (RANK)/RANK ligand/ osteoprotegerin signaling pathways, macrophage colony-stimulating factor, parathyroid hormone (PTH), estrogen, and various cytokines. 34, 35 In contrast, the differentiation and maturation of osteoblasts are driven by osteogenic transcription factors (e.g., RUNX2 and osterix), which are activated by bone morphogenic proteins (BMPs) and the Wnt/b-catenin signaling pathways. The Wnt/b-catenin signaling pathways may participate in crosstalk with other intracellular signaling pathways (e.g., pathways activated by BMPs, nitrous oxide, or prostaglandins) to drive the process of osteogenesis. 32, 34 Bone sialoprotein, osteocalcin, alkaline phosphatase, and type one collagen are proteins essential for bone formation; they are synthesized by osteoblasts in the local microenvironment. The functional activity of osteoblasts is regulated by PTH, 1,25-dihydroxyvitamin D, and growth factors that include platelet-derived growth factor (PDGF), transforming growth factor b (TGF-b), and fibroblast growth factors (FGFs). 34 Within the three-dimensional lacunocanalicular network, osteocytes communicate with osteoblasts and other osteocytes via gap junctions involving the ends of their dendritic processes. 32 A gap junction is a channel that connects the cytoplasms of two adjacent cells, which allows the passage of ions, metabolites, and small signaling molecules. The functional activity of a gap junction is regulated by mechanical, chemical and electrical factors. 32 In the bone microenvironment, cells conduct crosstalk with the extracellular matrix (ECM) through focal adhesion domains on their plasma membranes. 36 A focal adhesion is a multifunctional cellular structure comprising a complex network of transplasma membrane integrins and cytoplasmic proteins. Through focal adhesions, cells regulate the assembly of ECM proteins and ECM remodeling; importantly, the ECM can regulate cell adhesion, migration, proliferation, differentiation, apoptosis, and biochemical cellular responses. 36 A stiff ECM induces multiple strains at the cellular focal adhesion domain, thus resulting in strong cell adhesion to the ECM; undifferentiated mesenchymal progenitor cells may differentiate into distinct lineages based on the stiffness characteristics of their microenvironmental ECM. 36 Physiological bone remodeling begins with osteoclastic bone resorption, characterized by the dissolution of inorganic crystalline apatite, followed by enzymatic degradation of the organic component with the release of biologically active agents (e.g., BMPs, FGFs, and TGF-b) from the organic matrix of the resorbed bone into the local microenvironment. 32, 37 Subsequently, these biological agents mediate the proliferation and differentiation of osteoblast precursors, as well as the activation of osteoblasts that secrete non-collagenous proteins and collagen fibers, to form an organized matrix that subsequently undergoes mineralization, thereby forming new bone. 32, 37 Tooth movement relative to applied orthodontic forces
The movement of teeth in response to applied orthodontic force occurs in three overlapping stages: 36 the initial stage is characterized by tooth displacement in the periodontal ligament space within the bony socket. After 24 to 48 hours, a lag stage occurs, characterized by necrosis and hyalinization in the periodontal ligament and neighboring alveolar bone in response to the compressive stresses ahead of the moving tooth; this stage lasts 20 to 30 days. The hyalinized and necrotic tissues prevent further tooth movement; after the hyalinized tissue has been removed by macrophages and multi-nucleated giant cells, and the necrotic bone has been removed by undermining resorption, the postlag stage of orthodontic tooth movement can begin. In this last stage, bone remodeling occurs, comprising osteoclastic bone resorption in the compression zone ahead of the moving tooth, coupled with osteoblastic bone formation in the tension zone behind the moving tooth, supported by a vigorous process of angiogenesis; this constitutes the mechanism of continuous orthodontic tooth movement. 36 Orthodontic forces applied to teeth generate complex mechanical loading patterns of compressive and tensile strains in the periodontium immediately surrounding the loaded teeth. These strains induce resident cells to release numerous active biological agents into the local microenvironment; the agents are differentially expressed around the mechanically loaded teeth, triggering an aseptic inflammatory response and local periodontal tissue remodeling. 2, 36 Compressive strains in the periodontal ligament and alveolar bone stimulate the release of biological agents that induce osteoclastogenesis, thereby initiating osteoclast-induced bone resorption. In addition, tensile strains in the periodontal ligament and alveolar bone stimulate the release of osteogenic factors that increase the rate of differentiation of osteogenic progenitor cells into mature osteoblasts depositing osteoid that subsequently undergoes mineralization. 32 Thus, the process of continuous bone remodeling comprises osteoclast-mediated bone resorption in the compressive zone, coupled with osteoblastmediated bone formation in the tension zone, enabling progressive tooth movement in response to mechanical loading. 32, 36 Other factors that influence tooth movement in response to orthodontic forces include the magnitude, type (continuous or intermittent), direction, and duration of the applied force; the nature of the tooth movement (intrusion, extrusion, tipping, or bodily movement); the overall duration of orthodontic treatment; the number, shape, length, and angulation of the tooth roots; and the structure, density, and rate of turnover of the bone supporting the teeth. 22, 36, 38 Regional acceleration of bone remodeling in corticotomyfacilitated orthodontics
The literature suggests that regional acceleration of bone remodeling following deliberate corticotomy of the alveolar process, with the intent of accelerating orthodontic tooth movement, is a special phenomenon. [39] [40] [41] Indeed, the underlying biological process is similar to that demonstrated during the healing of damaged bone. The "phenomenon" of local surgical bone remodeling begins with the release by resident cells of a burst of biological mediators into the microenvironment, thus initiating and promoting sequential bone remodeling and tissue healing. [39] [40] [41] In the context of selective decortication, this burst of biological mediators induces local bone remodeling, as in typical bone injuries; this comprises an acute inflammatory phase and intense osteoclastic bone resorption, which manifests as transient local osteopenia 2, 20, 21, 42 combined with decreased osteoblastic bone formation. 43 The osteopenic bone is more susceptible to orthodontic tooth movement than normal bone. 28 Selective decorticotomy-induced transient osteopenia is followed by a process of osteoblastic bone formation. 2, 44 During this induced sequential osteoclastic/osteoblastic process, orthodontic tooth movement can occur more rapidly than it would under standard treatment conditions. 5, 21 Thus, the moderate orthodontic load-induced sterile inflammatory process ordinarily associated with orthodontic tooth movement is superimposed on the selective decorticotomy-induced sequence of bone remodeling, resulting in accelerated tooth movement. 14, 20, 36 Following the above-described surgically induced insult to cortical bone, bone turnover begins within a few days, peaks at 1 to 2 months after surgery, and subsides within 6 months when healing is complete. 1, 9, 41 In the context of corticotomy-facilitated orthodontics, the process of bone healing and remodeling lasts approximately 4 to 6 months; 3, 12, 25, 45 accelerated orthodontic tooth movement can only occur during this period. Therefore, the activation of orthodontic appliances should commence within 2 weeks after selective decortication, and the orthodontic appliances should be reactivated every 2 weeks, enabling full utilization of the relatively short period of bone remodeling and healing. 11 If the orthodontic appliances are not activated during this period, the benefit of the corticotomy procedure will be lost.
To the best of our knowledge, there are no reports in the literature documenting the early biological events that occur in response to the traumatic stimulation of bone remodeling caused by selective decortication. Early biological events are likely to include the formation of a transient fibrin-based blood clot; organization and stabilization of the clot; release of vasoactive, vasoregenerative, and immuno-inflammatory agents; formation of an angiogenic connective tissue; and bone resorption and formation. 37, [46] [47] [48] The structural matrix of the blood clot serves as an osteoconductive medium for mesenchymal progenitor cells from the bone marrow and for pluripotent pericytes from adjacent small blood vessels. These progenitor cells eventually differentiate and mature into endothelial cells and bone-forming osteoblasts, thus gradually replacing the blood clot with osteoid that is subsequently mineralized. 37, 46, 47 These well-known early healing events are universal to all bone injuries and have been described in the context of periodontal osteotomies and crown lengthening procedures that are relatively similar to selective decortication. 37, 46, 47 Following damage to bone, platelets, macrophages, and monocytes in the altered local microenvironment produce and release growth factors and cytokines (e.g., PDGF, FGF, insulin-like growth factor, vascular endothelial growth factor, BMPs, interleukin-1b, and tumor necrosis factor-a), which recruit and stimulate the differentiation of osteoblastic, osteoclastic, and endothelial progenitor cells that subsequently carry out bone remodeling and angiogenesis. 37, 46, 49 Furthermore, growth factors and other biologically active agents are released from injured blood vessels and demineralized bone matrix; together, these accelerate the recruitment and differentiation of osteoclast and osteoblast precursors, thereby intensifying the process of bone remodeling. 32, 46, 48 Thus, the "phenomenon" of regional acceleration of bone remodeling following selective decortication is likely to be characterized by robust release of biologically active agents and recruitment of osteoclastogenic and osteogenic cells; these factors induce increased bone turnover, which allows more rapid orthodontic tooth movement. 20, 21 In response to selective decortication, there is also likely to be an immediate reduction in local blood flow in the bone due to damage to the blood vessels, as well as disruption of the three-dimensional lacunocanalicular system within which osteocytes and their dendritic processes are bathed in extracellular fluid. 32, 48 Damage to this lacunocanalicular network, including altered fluid flow, may activate intracellular molecular signaling pathways within osteocytes, thus triggering the secretion of biological mediators (e.g., nitric oxide, prostaglandin E 2 , and TGF-b) that can mediate bone remodeling and contributing to the "phenomenon" of regional acceleration of bone remodeling. 32 In relation to corticotomy-facilitated orthodontics, the generation of mucoperiosteal flaps 41 and the selective decortication of alveolar bone processes can together initiate bone remodeling in the immediate vicinity of the corticotomy. 20, 21, 47, 50 Following surgical damage to the cortical bone and the adjacent spongiosa of the alveolar process, the periodontal ligament becomes hyperemic, edematous, infiltrated with acute inflammatory cells, and physically widened. The resulting modulation of the viscoelastic properties of both bone and periodontal ligament, as well as the release of matrix metalloproteinases and other catabolic agents, disrupts the integrity of the extracellular matrix and increases the elasticity of the bone, thus favoring orthodontic tooth movement. 20, 21, 47, 50 Because of the localized osteopenia and increased bone remodeling caused by selective decortication of the alveolar process, the formation of hyalinized tissue is minimized, which may shorten the lag stage and permit more rapid orthodontic tooth movement. 2, 3, 21, 22, 24 Compared with conventional orthodontic treatment, corticotomy-facilitated orthodontics is reportedly associated with both diminished frequency and magnitude of apical external root resorption. 9, 23 This may be related to the reduced formation and more rapid removal of necrotic and hyalinized tissues ahead of the moving tooth, and may contribute to the overall decrease in the length of active orthodontic treatment. 27 
Conclusion
In corticotomy-facilitated orthodontics, the reflection of mucoperiosteal flaps and selective decortication of alveolar bone processes results in localized bone remodeling with inflammation-induced widening of the periodontal ligament space and transient local osteopenia. In addition, there is reduced formation and more rapid removal of necrotic and hyalinized tissues in the periodontal ligament and adjacent alveolar bone ahead of the rapidly moving tooth. However, prospective randomized controlled studies have not been performed to compare conventional orthodontic treatment and corticotomy-facilitated orthodontics with respect to treatment time and the quality of orthodontic treatment outcome. Thus far, all available information is based on case reports and low-to-moderate evidence-based studies; studies with more robust evidence are needed to more conclusively evaluate the effects of this approach.
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